Two cases of mountain waves, rotors, and the associated turbulence in the lee of the Medicine Bow Mountains in southeastern Wyoming are investigated in a two-part study using aircraft observations and numerical simulations. In Part I, observations from in situ instruments and high-resolution cloud radar on board the University of Wyoming King Air aircraft are presented and analyzed. Measurements from the radar compose the first direct observations of wave-induced boundary layer separation.
Introduction
Terrain-induced internal gravity waves have been the subject of considerable research over the past several decades, primarily for the important role they play in association with damaging winds and severe turbulence both near the ground and aloft (Smith 1979; Baines 1995) . One of the most turbulent phenomena associated with the terrain-induced gravity waves is an atmospheric rotor: an intense horizontal vortex with a complex internal structure that occurs underneath wave crests in the lee of the wavegenerating mountain ridges. Rotors pose a serious threat to general aviation and can be important for the lofting and transport of aerosols and contaminants (Doyle and Durran 2002) .
The Terrain-Induced Rotor Experiment (T-REX; Grubi si c et al. 2008 ) was conducted in Owens Valley, in the lee of Sierra Nevada, California, to collect highresolution in situ and remotely sensed observations of this phenomenon, the spatial and temporal scales and variability of which represent a considerable hurdle to conventional, ground-based observational tools. Studies employing T-REX observations and measurements have been largely successful in confirming predictions of the theoretical and numerical studies, indicating that intense horizontal vorticity in rotors has its origin in the boundary layer vortex sheet that separates on the lee side of the mountain range because of the wave-induced boundary layer separation (Doyle et al. 2009; Cohn et al. 2011) . The separation itself is induced by the adverse pressure gradient set up by the mountain wave. These studies, in particular, have successfully documented the complex internal structure of rotors, characterized by smaller-scale vortices that owe their origin to the breakdown of the boundary layer vortex sheet that is carried upward by the mountain wave. Yet none of the T-REX studies have documented the boundary layer separation (BLS) process itself. That is, in part, because of the design of the ground-based T-REX observing system that did not extend sufficiently high up on the Sierra Nevada steep lee slope. In addition, the environment in Owens Valley did not provide a sufficient number of scatterers in the boundary layer separation zone for the ground-based and airborne remote sensors.
Studies by Gohm and Mayr (2005) and Gohm et al. (2008) reported on observations from an airborne downward-pointing backscatter lidar. In both studies, the authors used measurements from the lidar along with associated numerical simulations to present evidence of boundary layer separation in the lee of the Dinaric Alps. However, the incoherent lidar did not provide any information on the flow structure within the BLS zone; thus, evaluation of the flow field depended on interpretation of the numerical simulation.
In this study, we focus on mountain waves and rotors documented in the lee of the Medicine Bow Mountains in southeastern Wyoming. The University of Wyoming King Air (UWKA) aircraft, carrying the Wyoming Cloud Radar (WCR), participated in a wintertime orographic precipitation experiment in 2006 [NASA Orographic Clouds Experiment 2006 (NASA06) ]. During this experiment, the UWKA encountered two events of mountain-wave-induced turbulence. Direct penetrations of turbulent zones by aircraft carrying in situ instrumentation can be challenging and dangerous. However, combining in situ and remote sensing instrumentation in a research aircraft offers the best potential for capturing and revealing the structures of rotor events with high spatial resolution (tens of meters) as well as the environmental parameters leading to their formation. Furthermore, the WCR was able to obtain the measurements all the way to the ground and thus document the lee-side BLS zone. As such, to the best of our knowledge, this study represents the first observational documentation of the wave-induced boundary layer separation.
The paper is organized as follows. In section 2, we describe the NASA06 field campaign, the measurements collected with the aircraft in situ probes and the cloud radar, and the dual-Doppler measurements and two-dimensional velocity field synthesis. In section 3, we introduce two BLS cases and describe the meteorological conditions. In sections 4 and 5, we present analysis and discussion of details from these two cases and summarize our results.
Field campaign and instrument measurements a. NASA06
NASA06 was conducted in the mountainous region of southeastern Wyoming during January and February 2006. The focus of the project was to investigate the fine structure of deep wintertime orographic nimbostratus clouds and the processing of aerosols by these clouds. The UWKA, with a suite of in situ probes and the WCR, was used to collect data in clouds that formed over the Medicine Bow Mountains (MBM).
The MBM are a dome-shaped mountain range with a slight elongation along a 100-km-long axis that runs south-southeast-north-northwest from northern Colorado into southern Wyoming (Fig. 1) . The highest peak, Medicine Bow Peak, is located in the northern half of the range, commonly referred to as the Snowy Range. It reaches 3650 m above mean sea level (MSL), about 1500 m above the surrounding plains. In its northern portion, the Snowy Range extends about 40 km across from west to east, and the northeastern flank is moderately steep with a slope of about 15%. The Sierra Madre Range (highest elevation is 3350 m MSL) lies 35 km to the west and south of the MBM. To the west and north, the high plains extend for over 200 km to the eastern flank of the Rocky Mountains, providing reasonably unobstructed upstream flow when the wind is from that direction.
During NASA06, the UWKA made seven flights focused on orographic clouds over the MBM and Snowy Range. On occasion, waves and rotors were observed in their lee. Here we report on data collected on 2 days, 26 January and 5 February 2006, during which the UWKA made repeated passes aligned with the wind for an hour or longer, sampling the cap cloud and thermodynamics with in situ probes and profiling the reflectivity and velocity above and below the aircraft with the WCR (the instrument datasets used for this study are available upon request). Figure 1 shows a sample of the flight legs for the two events examined in this paper and the orography of the underlying mountains.
b. In situ measurements
The UWKA is a Beechcraft Super King Air 200T modified for research in the lower to midtroposphere (Rodi 2011) . For NASA06, the UWKA was outfitted primarily for cloud physics measurements carrying instruments for measuring hydrometeors ranging from a few microns to several millimeters in diameter. For this study, these data are used to bound the limits of the estimated fall velocity of the scatterers, thereby providing an estimate of what portion of the measured vertical Doppler velocity from the WCR is due to air motion alone (see the appendix, section b).
Wind and turbulence measurements are determined by combining measurements of dynamic and differential pressures from a five-hole gust probe on an extended nose boom and static pressure measurements from the aircraft static port near the rear of the aircraft with complementary filtered GPS and inertial reference system (IRS) measurements for aircraft position and attitude (Brown et al. 1983) . The wind calculations rely on several calibration parameters that can be related to the geometry of the probe, the speed of the flow, and the relationship between probe position and the flow around the aircraft. These semiempirical parameters are determined by performing a set of maneuvers (Wendisch and Brenguier 2013) whereby the aircraft is flown in a way that encompasses nearly the full range of expected flow regimes during research flights. The best-fit has been adopted by the International Civil Aviation Organization (ICAO) as the standard metric for atmospheric turbulence reporting, in part because EDR is proportional to the RMS vertical acceleration an aircraft experiences, and it is the quantity to which aviation forecasts are made and validated. Here, EDR is estimated by two different methods: 1) by examining the power spectral density of the wind (horizontal or vertical) within a well-defined inertial subrange (Cornman et al. 1995) and 2) by the MacCready turbulence meter, which relates airspeed variation to EDR (MacCready 1964) . For the first method, we utilize a frequency range that corresponds to spatial scales from 50 to 200 m. The total velocity variances in this frequency range are computed and related to the EDR for sliding 4-s data blocks (350 m). However, in regions of changing turbulence, the assumption of stationarity is not really valid. Regardless, results from both methods agree reasonably well (Feng 2001; Strauss et al. 2015) . For the discussion presented here, EDR is taken from the MacCready meter. A reverse-flow thermometer that utilizes a platinumresistive wire element (Rodi and Spyers-Duran 1972) provides the primary temperature measurement. After correcting for dynamic effects, accuracy is better than 60.58C. The second-order time response for the housing/ wire system is no slower than 4 Hz, and it is thus sufficient to resolve variations at scales of a few tens of meters.
c. WCR measurements
The WCR is an airborne 95-GHz pulsed Doppler radar able to reveal fine details of cloud structure and dynamics. During NASA06, the radar utilized three fixed-pointing antennas with their beams aligned toward near-zenith, near-nadir, and approximately 308 forward of nadir. The WCR provides quasi-simultaneous vertical cross sections above and below the aircraft along the flight track. The radar resolution volume at 1 km is about 10 3 10 3 30 m 3 , and the typical sampling along the flight track and the radar radial range are 3 and 30 m, respectively.
All channels (antenna to receiver) were calibrated prior to the experiment, and the uncertainty was about 62 dB. During NASA06, scatterers were mostly ice particles. The minimum detectable signal of the least (most) sensitive down-forward (up) pointing radar beam was about 219 (224) dBZ at 1 km.
The Doppler velocity measurements represent the along-beam component of the velocity of scatterers weighted by their reflectivity. The particles' mean velocity with respect to ground is retrieved from these measurements by correcting them for the aircraft velocity contribution into the beams (Damiani and Haimov 2006; Leon and Vali 1998) . The overall accuracy of the aircraft motion correction is about 0.5 m s 21 .
The maximum unambiguous velocity is 615.8 m s 21 .
The aliased Doppler data segments were unfolded before any further analysis. Single-Doppler data from the up-and down-pointing beams were used to estimate the scatterers' mean vertical velocity above and below the aircraft. The accuracy of the vertical particle motion estimates depends on the deviation of the beams from vertical and the strength of the horizontal winds. A correction for the horizontal wind contamination was applied by utilizing the aircraftmeasured winds. Assuming no horizontal wind contamination, the vertical air motion is given by the difference between the mean motion and the mean terminal (fall) velocity of the particles.
d. WCR dual-Doppler measurements and synthesis
The Doppler measurements collected with the two down-pointing antennas provide data for a dualDoppler (DD) synthesis of the two-dimensional (2D) scatterer velocity field in the vertical plane below the aircraft (Damiani and Haimov 2006; Leon et al. 2006) . By decomposing the two radial velocity measurements, the projection of the 3D scatterers' motion on the plane determined by the beam directions may be resolved. Given the acquisition sampling rates and the radar resolution volume for the radar antennas used, the highest achievable 2D velocity field resolution is about 30 3 30 m 2 . For the DD processing in this study, we utilize grid resolutions from 30 3 30 m 2 to 120 3 100 m 2 . The DD synthesis leaves the third, cross-track component unresolved. This introduces an error in the estimate of the vertical wind component when the plane determined by the two down beams deviates from the vertical because of fluctuations in the aircraft roll angle. To minimize this error, an external estimate of the ambient wind using aircraft in situ measurements or sounding is utilized (Damiani and Haimov 2006) .
The accuracy in the retrieved 2D air motion is affected by errors in the aircraft velocity, beam-pointing angles of the antennas, DD grid interpolation, and DD velocity retrieval; uncertainties as a result of the finite/low signalto-noise ratio (SNR), finite radar resolution volume, and beam misalignment; uncertainties caused by the target temporal evolution and spatial advection between the two beams scans; and errors because of the unresolved crosswind component and the removal of the particles' fall velocity. A detailed analysis of the DD errors is given in Damiani and Haimov (2006) . DD errors and vertical air motion retrieval uncertainty associated with this study are discussed in the appendix.
Description of events and observations

a. 26 January 2006 event
Several hours prior to 1800 UTC 26 January, a strong synoptic-scale short wave passed through the observation area, as evidenced by the 650-hPa map of heights and wind over the western United States ( , and the Scorer parameter,
, are also shown. For both, the plotted values are averaged over 100 m to reduce noise. The value of N 2 is relatively constant throughout the lowest layers up to about 1000 m above the ridge crest, where it increases to about 3 times the lower-layer values, before decreasing again near the top of the sounding. The local nonlinearity parameter Nh/U is between about 1.3 and 1.5, where h is the crest height above the surrounding terrain, U (10 m s 21 ) is wind speed at the crest, and N is 0.012 s
21
. These data suggest that, on 26 January, one may have expected some nonlinearity and possible wave breaking.
Between 2025 and 2210 UTC, the UWKA made five passes over the MBM. The first two passes were flown at 4300 m MSL, and the final three were flown at 5200 m MSL (hereafter, all flight altitudes refer to height above MSL). The first two legs were oriented more northwestsoutheast and, hence, displaced farther south by about 5-10 km on the downwind side of the mountains. During the first two passes, the UWKA measured maximum horizontal winds of 25-27 m s 21 at 2808. In both passes, the maxima were located above the lee slope. Downstream of the wind maxima, above the easternmost portion of the lee slope and the valley floor, the aircraft encountered a significant increase in turbulence with vertical wind variations of 65 m s
. Figure 3 shows vertical cross sections of reflectivity from the WCR for all five legs. Throughout the observation period, the orographic cloud top is significantly higher on the upwind side (compared to the downwind side) of the mountain. This tilting is due in part to the compression and acceleration of the flow over the lee slope. The slope of the cloud top increases with time and is on the order of about 100 m km 21 by leg 5. For all legs, the easternmost tail of the echo can be seen to separate from the surface (black arrows in Fig. 3 ), becoming more pronounced in the later legs. The location of this lifting of the echo corresponds to the maximum upward vertical velocity measured at flight level and, more generally, FIG. 3 . Vertical cross sections of radar reflectivity from the upand down-pointing beams for five cross-mountain legs on 26 Jan. There is 0.5-3.5-km cross-track displacement between legs. Black arrows with times point to approximate BLS occurrence. The orientation of legs is west-northwest-east-southeast. The wind direction is from left to right.
to the location of transition from smooth to turbulent flow, as measured at the aircraft flight level. Also note that, between legs 3 and 5, the location of the lift feature propagates upstream by as much as 7 km in 30 min (deviations in locations from earlier legs may be a result in differences in downwind location of the aircraft track). Taken together, the observations from all five passes paint a picture of an event that gained strength in the midlevels as observed by the UWKA over the first hour of observations and then, over the last half hour, transitioned into a much stronger surface event, featuring a downslope windstorm, wave-induced boundary layer separation, and a low-level rotor.
b. 5 February 2006 event
The synoptic conditions at 1200 UTC 5 February were characterized by a weak short wave rapidly approaching the study area from the northwest, embedded on the backside of a broad trough located several hundred kilometers to the east (Fig. 4) . The 650-hPa-level winds were west-northwesterly at about 15 m s 21 . The approaching short wave provided some slight instability at midlevels, leading to significant cloud cover and light to moderate orographically enhanced snow over the mountains, as well as a shift to more northwesterly winds with a corresponding decrease in the wind speed. Hourly wind profiles show winds of 15-20 m s 21 out of the northwest, decreasing somewhat and becoming northerly at 1300 UTC before backing to the northwest following the passage of the short wave. A 60-90-min difference between the profiler-measured winds and the winds at Medicine Bow Peak are expected, assuming the short wave is propagating at or about half of the mean wind speed. An aircraft sounding, taken in the Saratoga Valley between 1425 and 1440 UTC, shows that the winds at 650 hPa had already shifted back to the northwest but remained at 15 m s
21
. A wind speed maximum (19 m s 21 ) occurred near the surface and was more westerly. Thermodynamic data from the sounding reveal a moist stable layer below the mountaintop level. The value of N 2 is relatively constant throughout the depth of the sounding. Near the top of the sounding, about 1000 m above ridge crest, l 2 decreases sharply with altitude and becomes negative. Based on linear theory, a sharp decrease of the Scorer parameter with height represents conditions conducive to trapping of wave energy and formation of lee waves (Nappo 2002) . Further analysis shows that, throughout most of the depth of the sounding, l 2 is slightly greater than k 2 , where k is the horizontal wavenumber estimated from the aircraft data to be 8.3 3 10 25 m
. Based on linear theory, again, this would indicate a medium supportive of vertically propagating gravity waves. At the top of the sounding, l 2 becomes significantly less than k 2 , favoring a partial reflection of wave energy below that level and potentially the onset of lee waves. This sharp decrease of the Scorer parameter with height is apparently caused by the wind profile curvature term, which is rather large at this height because of a minimum in the wind speed profile. The local nonlinearity parameter Nh/U is about 0.85 at ridge-crest level. Taken together, one may expect the formation of trapped lee waves, although the evidence suggesting that is not overwhelming.
Between 1400 and 1500 UTC, the King Air made four passes over the MBM and the Snowy Range. The first pass was made at 5200 m and the next three at 4200 m, oriented along the mean wind direction at flight level. For all the legs, the flight-level wind direction upstream of the Snowy Range is between 3208 and 3308, with speeds of about 15 m s 21 (except for the first leg, which had slightly higher speeds but was also flown 1000 m higher in altitude). Figure 5 shows cross sections of WCR-measured vertical velocity for each leg; times are indicated on the figure. The thick black vertical lines indicate the locations of the primary wave crest based on the WCR measurements. The location of the wave crest from the WCR data agrees with the flight-level vertical wind and thermodynamic data from the King Air. Both the flightlevel data and measurements from the WCR show an upstream migration of the primary wave crest from the first to the third leg, with the wave-crest location remaining stationary following leg 3. Furthermore, both the WCR data and the flight-level data suggest that, during the first leg at 1400 UTC, a clear primary wave with a moderate degree of turbulence downstream (possibly collocated in a weak secondary wave) exists. In leg 3, 47 min later, this transitions to a well-defined lee wave train with at least two wave crests and little turbulence.
Event analyses and discussion
The following analysis and discussion is not presented in a chronological order for the events, but rather in a way that best highlights the similarities and differences between the two events. Here, we focus on three major aspects of the observations. a. Wave-rotor structure
The general structure of the wave-rotor system on 5 February is well represented by the data from two legs shown in Fig. 6 . The left panels show horizontal and vertical winds, potential temperature, and EDR from the aircraft (top) and the two-dimensional wind vectors overlaid on the horizontal wind speed for the retrieved DD velocity field (bottom) from leg 1. At the level of the aircraft directly above the highest terrain, the potential temperature rapidly increases by 3 K, and continues to increase by another 2 K about 7 km downstream over the lee slope. This is also the area of maximum observed downdraft, 4 m s 21 , from the aircraft and increasing horizontal winds near the surface because of accelerating downslope flow (Fig. 6 , bottom left). At the aircraft flight level, there is a moderate decrease in the horizontal wind, from 21 to 9 m s 21 corresponding to the area of maximum perturbation of the potential temperature. The trace of the vertical velocity through this region lacks a classical smooth wave structure; rather, it is suggestive of some turbulence (to be investigated in the next section). At about one-third of the distance down the slope, the aircraft-measured vertical velocity becomes positive (upward motion) and passes through peaks of about 4 m s
21
. This portion of the lee wave, upwind of the primary crest, corresponds to the region directly beneath it where (i) the strong-wind layer near the surface uplifts and (ii) the boundary layer above the mountain lee side separates, as evidenced from the DD analyses. Figure 7 (leg 1, top) shows the vorticity field from the same analyses. The spanwise vorticity in the low-level jet plunging down the slope is mostly determined by the vertical shear. Hence, positive (negative) vorticity is found below (above) the jet. The very near-surface positive vorticity sheet is lifted about 700 m above the ground between about x 5 7 and 12 km. This location corresponds to the upwind edge of the wave and is easier to visualize from the lifting of the negative vorticity sheet that caps the downslope flow at a height between 3.5 and 4 km. Underneath this crest, a weak return flow (Fig. 6 , bottom left) of 2-4 m s 21 exists. The return flow in the rotor extends up to about 300-500 m above the surface. Based on the one wave crest discernable in the DD analysis, we estimate the horizontal wavelength of the wave aloft to be about 10-15 km. However, neither the radar data nor the measurements from the aircraft suggest any further wave activity downstream. Calculated streamlines (not shown) indicate rather smooth flow down the lee slope and into the leading edge of the rotor. Once the flow passes through the crest and begins to decelerate, small eddies (subrotors; Doyle et al. 2009; Doyle and Durran 2007) begin to appear along the highshear interface that separates the main flow and the return flow in the rotor. The character of the system changes significantly 45 min later, as documented along leg 3 (Fig. 6, right) . Aircraft measurements from leg 3 reveal smooth flow with a classic wave train beginning above the peak and extending at least 25 km downwind to the end of the leg. Although leg 3 was flown 1000 m lower than leg 1, both the single-Doppler velocities (Fig. 5 ) and the DD synthesis (Fig. 6, bottom- terrain. This, coupled with the radar analysis, suggests that the aircraft sampled within the descending branch of the mountain wave above the accelerating downslope flow on the lee side. The maximum downslope wind is weakened somewhat, from 32 m s 21 in leg 1 to about 25 m s 21 by leg 3. The lifting of this layer near the bottom of the slope has propagated a few kilometers upstream (see Fig. 5 ), and the maximum vertical displacement is less, about 300 m. Flow near the surface beneath the wave is weak, but unlike in leg 1, no evidence of return flow exists. The DD analysis shown in Fig. 6 , and streamline calculations (not shown) suggest much smoother flow downstream of the first lee-wave crest and through the second crest, consistent with the aircraft measurements. The vertical motion, potential temperature variations, and variation in horizontal wind measured at the aircraft flight level during legs 3 and 5 on 26 January are shown in Fig. 8 . The two legs were separated in time by 40 min, and the observations suggest significant dynamical evolution of the flow during this time. Furthermore, the perturbations on 26 January were much larger than on 5 February. Along leg 3, the potential temperature increases from 304 K on the upstream side of the mountain to a maximum of 308 K just a few kilometers downwind of the highest terrain. Throughout the upwind portion of this leg, the vertical velocity is close to zero, the horizontal wind remains constant (about 18 m s 22 ), and there is little or no turbulence. The vertical velocity shows no coherent structure, but the horizontal wind speed decreases to near zero by 12 km downstream of the highest terrain and remains near zero over the next 8-10 km just to the beginning of the valley. Near the ground, where one may expect a strong near-surface downslope flow, no DD analysis is available because of the lack of signal caused by insufficient scatterers. Further downwind and over the foot of the lee slope, the aircraft flight level in situ measurements show a very rapid drop in potential temperature (.4 K over a few hundred meters), corresponding to a sharp-edged updraft of 12 m s 21 that is approximately 1 km wide. The updraft is followed by a somewhat broader, more diffuse and turbulent downdraft of 7 m s 21 . Just upwind of the sharp updraft, the horizontal wind speed increases from near 0 to approximately 15 m s 21 . This updraftdowndraft couplet corresponds to the zone within the reflectivity image (Fig. 3 , third panel) that shows a ''dome'' above the aircraft flight level where scatterers are first carried to higher altitudes (in the updraft) and then brought back down to lower altitudes (in the downdraft). Such a strong gradient in potential temperature and sharp-edge boundary of the updraft, along with the nearly stagnant flow immediately upstream, is suggestive of gravity wave breaking (Lilly 1978) .
Observations during leg 4 (not shown) reveal similar characteristics to those obtained just 10 min prior during leg 3. There remains a sharp decrease (;4 K) in the potential temperature; however, it is not as abrupt as in the previous leg, and the corresponding updraft region is broader and less turbulent. The horizontal wind decreases to near zero for a few kilometers on the upwind side of the maximum updraft.
At 25 min after leg 4 and nearly 40 min after leg 3, the variations measured at the aircraft flight level continue to lessen (Fig. 8, right) but are still considerably larger than anything encountered on 5 February. Also, by this time, the scatterers advect far enough downstream and into the valley to provide sufficient radar echo and allow DD analysis, revealing more characteristics within the flow field beneath the aircraft. The potential temperature at flight level increases from 302 K well upstream of the barrier to 308 K above a point roughly halfway down the lee slope. just a few hundred meters above the ground. Near the valley, this layer of strong winds separates from the surface and is lifted 1 km above the valley floor. The analysis suggests some return flow beneath the elevated layer of strong winds, although it is difficult to quantify because of the weakened signal as the majority of the scatterers become lofted.
While the boundary layer separation seems to be present and well documented by our measurements in both the 26 January and 5 February cases, there are some key differences between these two events. The 5 February case has an appearance of a classic lee-wave rotor (Doyle and Durran 2002) . This is supported by the phase relationship between the potential temperature and vertical velocity at the flight level and the attendant weaker and somewhat turbulent flow located underneath the wave crest that is topped by the separated layer of stronger winds aloft.
In the 26 January case, there is little evidence of a coherent wave structure at the flight level; rather, the aircraft in situ measurements are strongly suggestive of the gravity wave breaking at the flight level during the time of leg 3 and perhaps leg 4, but ceasing by leg 5. The near-surface flow over the lee slope, as inferred from the DD analysis, is much stronger than the wind speeds encountered at the aircraft flight level. In particular, overlying the strongly accelerated flow down the lee slope is a region of stagnant flow aloft. The wave perturbation causing the boundary layer separation appears below the flight level, closer to the valley floor. The updrafts both at flight level and upwind of the boundary layer separation zone near the ground are rather sharp. The flow features documented in the 26 January event are more suggestive of an atmospheric analog to a hydraulic jump than a lee-wave rotor (Vosper 2004; Hertenstein and Kuettner 2005; Hertenstein 2009; Armi and Mayr 2011) . However, unlike in these previous studies, which show a strong FIG. 8 . As in Fig. 6 , but for (left) leg 3 and (right) leg 5 on 26 Jan; note the difference in scales. No DD analysis exists for leg 3 because of insufficient radar signal. A high-resolution version of this figure is available in the online supplement. inversion at near-mountaintop level, no such inversion was present on 26 January. From that standpoint, this case is more similar to one modeled by Jiang et al. (2007) . Jiang et al. (2007) investigate nonlinear effects on boundary layer separation in an atmosphere with constant N 2 and uniform wind speed. As the nondimensional ridge height increases, the steepness of the induced mountain waves also increase, eventually leading to wave breaking in the midtroposphere. Below the wave primary crest, a downslope windstorm develops, and, farther downstream, in response to the strong updraft, BLS separation occurs and a rotor develops. The specific dynamics of the 26 January case is further investigated in Grubi si c et al. (2015, hereafter Part II).
b. Turbulence characteristics
Turbulence characteristics for both events can be investigated by direct measures of horizontal and vertical wind speed at the aircraft flight level as well as inferred turbulence based on DD analyses below the aircraft in regions where sufficient echo exists. A detailed analysis of the turbulent properties derived from the radar analysis is presented by Strauss et al. (2015) ; here, we focus on a description based primarily on the aircraft in situ measurements.
During 26 January, the UWKA encountered significant turbulence on the upwind and downwind side of the updraft-downdraft couplet (Fig. 8, top On both sides of the couplet, the turbulence is larger during the earlier leg than for the later one. Note that the earlier leg also has significantly larger variations in the vertical velocity and potential temperature. Power spectra computed from these data (not shown) do not reveal any dominant scales for the turbulence. However, it is clear that there are no coherent structures at frequencies higher than 1 Hz (spatial scales less than 100 m).
On 5 February, the turbulence encountered at the level of the aircraft is significantly less (Fig. 6, top) . Below the aircraft, during the earlier legs, data from the radar suggest some turbulence being generated in the location of the rotor and likely being advected downstream, potentially as shedded vortices (Fig. 5, top, and  Fig. 6, bottom left) . The vertical Doppler velocity field reveals significant speckling underneath the crest of the wave, extending downstream and increasing in vertical extent. This feature is observed strongest during legs 1 and 2 and becomes significantly reduced during the later legs, corresponding to the time with little or no reverse flow beneath the wave crest.
c. Observations of subrotors
During the 26 January event, snow and ice scatterers are carried down the lee slope in the strong near-surface flow before being lofted nearly 1 km as the flow separates from the surface. Figure 9 shows results from the DD streamline analysis from leg 5 on 26 January, enlarged to allow viewing fine details of the flow field. The streamlines are overlaid on the retrieved vertical velocity field. On the front side of the wave, the streamlines suggest smooth flow. However, beneath and within the interior of the rotor, behind the zone of boundary layer separation, the streamlines rotate back around themselves in several locations. These eddies are likely produced by the shear along the interface between the strong flow in the wave and the much weaker flow beneath it. Although the streamlines are an instantaneous snapshot of the flow field, one envisions eddies, or subrotors, that are confined to very near the surface and beneath the wave on the uplift portion of the wave to advect with the flow and through the wave farther downstream.
These subrotors can also be investigated by computing the cross-track component of the horizontal vorticity (Fig. 10 ). The top panel shows the vorticity calculated on a 30 3 30 m 2 DD grid. The resultant field is smoothed using a 150 3 90 m 2 filter to reduce the noise. Several strong positive anomalies can be seen between 15 and 18 km within the same region as in the streamline analysis. While the larger-scale flow is relatively stationary, at least at time scales for the DD analysis, advecting subrotors are likely not. Thus, to test the coherency of these features, we also computed a vorticity field based on a larger (120 3 100 m 2 ) DD grid (Fig. 10, bottom) . At this grid resolution, any feature that shows up should not be strongly influenced by errors associated with advection through the flow field. Indeed, several relatively DECEMBER 2015 strong positive vorticity anomalies remain in the center of the wave. These features have roughly equal horizontal and vertical extent from 500 m to about 1 km.
The existence of subrotors has long been postulated based on modeling Durran 2002, 2007; Doyle et al. 2009 ) and, indeed, time-lapse video of clouds has captured subrotor-type eddies (Ozawa et al. 1998) . More recently, the array of ground-based instrumentation in T-REX allowed the first direct observation of subrotors (Hill et al. 2010 ) from lidars and inferred occurrences from ground-based wind profilers (Cohn et al. 2011) . The observations presented here show subrotors existing within a larger rotor structure, at least qualitatively in agreement with earlier modeling and observational studies.
Summary and conclusions
In this study, we presented the analysis of observations from two wave-induced boundary layer separation (BLS) events that occurred in the lee of the Medicine Bow Mountains (MBM) in southeastern Wyoming. The key observations for both of these events come from multiple aircraft legs over a period of an hour or more flown over the MBM by the University of Wyoming King Air. The airborne in situ measurements provide some context for the dynamic and thermodynamic structure of the atmosphere over the mountain and above the BLS events. Further, detailed observations from a millimeter-wavelength radar provide unprecedented measures of the 2D dynamic field within the rotors and represent the first airborne radar observations of a boundary layer separation and atmospheric rotors. We also document the intermittency and strength of turbulence in these two rotor events.
The observational evidence supports the conjecture that the evolution and forcing of the two events was quite different. Reverse flow in the BLS event on 5 February is only observed during the first leg; there is no evidence of reverse flow beneath the wave crests in subsequent legs. The lack of strong thermodynamic or dynamic signals at the aircraft flight level (small vertical velocities, weak turbulence), suggest that this event is primarily a boundary layer phenomenon bearing resemblance to a lee-wave (Type I) rotor (Hertenstein and Kuettner 2005) . The DD analysis shows evidence of turbulent structures being present already at the leading edge of a single rotor. No secondary wave crests and/or rotors underneath are visible downstream. Later in the observation period, the single wave crest/rotor transitions into a train of trapped lee waves, as evidenced both in the radar and in the aircraft data.
The 26 above the highest terrain on multiple legs. In situ kinematic and thermodynamic measurements suggest wave breaking occurring above the lee slope at and above the flight level. The sharp dome in the WCR reflectivity echo above the level of the King Air during the third penetration suggests some depth to the strong upward vertical motion measured by the aircraft at flight level. The separation of the echo at the ground throughout the entire 90-min observation period further suggests this phenomenon extends down to the surface. DD analysis shows very strong near-surface flow over the lee slope that separates abruptly from the ground with strong upward vertical motion. All of this paints a picture of an event that more resembles an atmospheric internal hydraulic jump than a lee-wave rotor. Our observations of the rotor and its internal structure consisting of smaller-scale vortices, or subrotors, are in qualitative agreement with the findings from earlier modeling (Doyle and Durran 2007; Doyle et al. 2009 ) and observational studies (Hill et al. 2010) . However, unlike Hill at al. (2010) , we did not observe any subrotors outside of the main rotor structure. The spatial scale of the subrotors appears to be on the order of 500 m-1 km, whereas the scale of the larger (main) rotor is about an order of magnitude larger (5-10 km). The nature of the observations makes it difficult to say much about the temporal coherency aside from the fact that the event on 26 January persisted for more than 90 min and that we observed a significant flow transition during the 5 February event.
Last, herein we demonstrated the utility of an airborne cloud radar to investigate the dynamics of atmospheric rotors. Because of their proximity to the ground in complex terrain and association with moderate or even severe turbulence, few direct observations of rotors exist. We have shown that, under the right conditions with sufficient scatterers (i.e., presence of falling and blowing snow/ice), rotors can be thoroughly observed using airborne remote sensing techniques.
In Part II, we investigate further the events described herein with the aid of a mesoscale numerical weather prediction model. Analyses focus on the dynamics and the evolution of the boundary layer separation events and the ability of the model to capture the character of the observations. through NSF collaborative Grants ATM-0742110 and is larger mostly downstream of the boundary layer separation and in the border regions of the rotor because of the lack of data and/or low SNR. Additional consideration is warranted for the errors in the DD synthesis caused by crosswind contamination and advection during the time the two beams illuminate the target volumes. Depending on the distance from the radar to the target volume, the time between the two beams illuminating the same target is 2-10 s. We assume that during this time there is no appreciable change in the target. Also an assumption regarding the possible advection of the analyzed features is needed (Damiani and Haimov 2006) . To investigate the effect of the advection and the error in the guess of the crosswind component, DD cases are processed with two extreme conditions: 1) where the aircraft-measured mean winds are used for the mean grid advection and the crosswind guess and 2) where there is no grid advection and the mean crosswind is 0 m s
21
. The difference in the retrieved 2D kinematics for these two cases provides an estimate of the expected maximum mean error. Processing both conditions for the 26 January leg-5 results in small differences in the 2D velocity components but considerably larger differences for the horizontal vorticity 1 (Fig. A2) . This is to be expected given that the vorticity is affected more by the measurements' noise due to the computation of the spatial gradients. To reduce the error in the vorticity, we applied additional spatial averaging (150 3 90 m 2 ). The distortion in the spatial characteristics inside the rotor is also small (not shown). Therefore, while our 2D wind retrieval cannot be used to determine the exact shape, location, and velocity characteristics of the fine 2D structure inside the rotor, the average characteristics of the rotor structure of several hundred meters or more is expected to be reasonably accurate.
For the cases presented in this paper, the overall error in the DD-synthesized 2D velocity field is on the order of 2 m s 21 , with the 5 February case having slightly lower uncertainty than the 26 January case.
b. Vertical air motion uncertainty
The DD synthesis provides the along-track horizontal velocity and vertical velocity components of the mean scatterers' motion for each 2D grid cell. To retrieve the 2D air motion, the particles' mean fall velocity must be removed. The DD horizontal component includes a negligible error as a result of contamination from the fall velocity; however, the error is larger for the vertical component of the air motion and could be of the same order as the actual vertical air motion.
The mean value of the fall velocities is estimated by using the aircraft-measured vertical velocity at the aircraft level and the radar Doppler measurements in the closest radar range gates (;100 m) above and below the aircraft. Combining the up and down beam measurements allows us to bracket the aircraft measurements at flight level but requires the assumption that the vertical air velocity is constant or changes linearly within the 200 m between the nearest up and down range gates. The averaged Doppler measurements from both beams represent the mean vertical air motion and particle mean fall velocity at the flight level. An illustration of the hydrometeor mean fall velocity estimate is shown in In situ measurements from the mountain cap cloud on 5 February and in the rotor cloud on 26 January show that maximum particle dimensions were about 0.8 and 1.2 mm, respectively. On both days, particles appeared to be spherically shaped aggregates, possibly with some riming, although measured liquid water at flight level was always less than 0.1 g m
23
. No pristine crystals are seen in the data. Based on direct measurements and models of ice particle terminal velocity, an estimate of 0.75-1.0 m s 21 for these larger particles is justified (Mitchell 1996) . Therefore, a 1 m s 21 correction of mean particle fall speed has been applied to all Doppler data to allow better representation of the true vertical air velocity.
